the process by which ventricular size, shape, and function are regulated by mechanical, neurohumoral, and genetic factors [1] , and is believed to be one kind of adaptive response to infarction [2] . Besides necrotic death, apoptosis or programmed cell death is involved in the loss of myocytes caused by acute myocardial ischemia [3, 4] . However, the functional and/or pathological roles of myocyte apoptosis in post-infarction left ventricular (LV) remodeling have not been well characterized. Recent studies have suggested that the apoptosis of myocytes is involved in post-infarction LV remodeling [5] [6] [7] . In this study, we have tried to elucidate whether there is apoptotic death of cardiac myocytes during the process of LV remodeling late after ligation of the left coronary artery of rats, and if so, whether it coincides with the morphological changes to the left ventricle in the post-infarcted heart.
Possible Involvement of Apoptotic Death of Myocytes in Left Ventricular Remodeling after Myocardial Infarction
Tadashi SAITOH, Takayuki NAKAJIMA, and Koichi KAWAHARA slice was embedded in a paraffin block and cut into 5 m sections transversely. Myocardial tissue sections were heated in sodium citrate solution and digested with proteinase-K to expose the DNA. The DNA strand breaks were labeled with the use of a terminal transferase enzyme with dUTP molecules conjugated to alkaline phosphatase and visualized immunohistochemically. Sections were then photographed with a digital camera through a light microscope. The number of apoptotic cells was determined by selectively counting the TUNEL-positive cardiomyocyte nuclei in LV sections 5 m thick. To identify that a TUNELpositive cell was a myocyte, the Masson-Goldner stain was performed on similar slices to those used for the TUNEL assay. The heart section that was cut into 5 m was stained with haematoxylin solution for 5 min. 0.1 g, acetic acid 0.2 ml, distilled water 100 ml) for 2 min. The section was photographed with a digital camera through a light microscope. In this method, nuclei, muscles and a cytoplasm, connective tissues, and erythrocytes were stained with purple, red, green, and bright orange, respectively. The cardiac myocyte origin of the apoptotic cells was identified by the presence of myofilaments surrounding the nuclei by referring to the Masson-Goldner stained section. Immunohistochemical analysis using anti-cleaved caspase-3 antibody, an activated form of caspase-3, was also performed to investigate whether the activation of caspase-3 was involved in the process of LV remodeling. In brief, following standard histological processing and paraffin embedding, the heart was cut into 5-m sections transversely. The sections were washed twice with xylene for 5 min each, and washed with 100, 100, 90, 80, and 70% ethanol each for 3 min. After the sections were rinsed in PBS, endogenous peroxidase activity was inhibited by treatment with 0.3% H 2 O 2 in methanol for 20 min. The sections were then incubated with 1% normal goat serum for 30 min. After a rinsing with PBS, the primary antibody, an anticleaved caspase-3 (1 : 50 dilution; Cell Signaling Technology, Beverly, MA), was applied for 12 h at 4°C, then for 60 min at 37°C. The sections were next rinsed with PBS and incubated with the secondary antibody, an anti-rabbit IgG (New England BioLabs, Inc., Beverly, MA), for 50 min. They were incubated with A, B Complex (Vector Laboratories, Inc., Burlingame, CA) for 40 min after a rinse with PBS, and staining was then visualized by the use of diaminobenzidine (DAB, Sigma). A Western blotting analysis was then performed to confirm the specificity of the anti-cleaved caspase-3 antibody used in this study. LV cells separated from a heart were homogenized in homogenization buffer (10 mM Tris-HCl [pH 7.5], 25% glycerol, 0.82 M NaCl, 1 mM Na 3 Vo 4 , 50 mM NaF, 1.5 mM MgCl 2 , 0.5 mM ethylenediamine tetraacetic acid [EDTA], 2 mM sodium pyrophosphate, 0.5 mM phenylmethylsulphonyl fluoride [PMSF], 0.5 mM dithiothreitol [DDT], 1.25 g/ml of pepstatin A, 10 g/ml of leupeptin, 2.5 g/ml of aproptonin, and 0.1% Triton X). The homogenates were analyzed by Western blotting by loading 50 g protein/lane. The following conditions were used for binding the primary antibody, an anticleaved caspase-3 (1 : 1,500 dilution) or an anticaspase-3 (1 : 1,500 dilution; Cell Signaling Technology, Beverly, MA). The secondary antibody, an antirabbit IgG, was diluted 1 : 2,000. Figure 1 shows an example of TTC-stained hearts of control (A), at 1 day (24 h) (B), at 2 weeks (C), and at 6 weeks (D) after a ligation of the left coronary artery, and at 6 weeks after the sham operation (E). Myocardial regions unstained with TTC show signs of necrotic cell death. In the heart at 1 day after ligation of the coronary artery, an unstained region was consistently observed in the infarct (Fig. 1B) . However, few such regions were observed in the hearts at 2 weeks (C) and 6 weeks (D) after ligation. The wall of the left ventricle became thin, and dilatation of the LV occurred at 2 and 6 weeks (C, D) after the ligation. In contrast, the unstained regions and the detectable morphological changes in the left ventricle were not present in the sham-operated rat heart at 6 weeks after the operation (E).
The change in heart weight (HW) associated with LV remodeling was then analyzed (Fig. 2) . The HW in post-infarct rats significantly increased at 2 and 6 weeks after ligation of the left coronary artery ( Fig.  2A) in comparison with the control. To confirm that the infarction-induced increase in HW was not due to an increase in total body size in the 2 or 6 weeks of the observation period, we then analyzed the change in the heart-weight to body-weight ratio (HW/BW). These ratios also increased significantly at 2 and 6 weeks after ligation of the coronary artery (Fig. 2B) , similar to the change in the HW. We then analyzed the change in the cross-sectional areas (CSA) of hearts after the ligation (Fig. 2C) . The CSA had significantly increased at both 2 and 6 weeks. These results reflected the morphological changes of the heart associated with LV remodeling in response to infarction and were almost the same as those reported previously [5] .
We then investigated whether apoptotic death was involved in the post-infarction LV remodeling (Fig. 3) . Cross sections of each heart were stained by the in situ TUNEL technique (Fig. 3A) . Only a few TUNELpositive cells were in the hearts at 1 day after ligation of the coronary artery. In contrast, many TUNEL-positive myocytes were identified in the infarcted area and at sites distant from the infarct at 2 weeks after the ligation. In hearts at 6 weeks, the number of TUNEL-positive myocytes again decreased compared with that at 2 weeks after the ligation. TUNEL-positive myocytes were selectively counted by referring to Masson-Goldner-stained sections (Fig. 3B) , and the counts were analyzed statistically (Fig. 3C) . A significant increase was observed in the number of TUNELpositive myocytes at both 2 and 6 weeks after ligation of the coronary artery. However, the number had significantly decreased at 6 weeks compared with 2 weeks.
We then investigated whether the activation of caspase-3, a crucial enzyme for executing apoptotic cell death [8] , was responsible for post-infarction LV remodeling (Fig. 4) . Immunostaining using an anticleaved caspase-3 antibody, an activated form of caspase-3, was performed on another cross-section of the Ventricular Remodeling and Apoptosis
Fig. 1. Cross sections of rat hearts stained with triphenyl-tetrazolium chloride (TTC).
The white region in B indicates the infarcted area. Myocardial infarction was produced by a ligation of the left coronary artery. All the cross sections show 2 mm-thick sections cut about 6-8 mm below the ligation site. Scale bars indicate 1 mm. Fig. 2 . Changes in heart weight, the ratio of heart weight to body weight and cross-sectional area after ligation of the left coronary artery. A: Change in heart weight (HW). B: Change in heart-weight to body-weight ratio (HW/BW). C: Change in cross-sectional area (CSA). * pϽ0.05 vs. control.
heart used for in situ TUNEL staining (Fig. 4) . Cleaved caspase-3-positive cells were identified in almost the same area in which TUNEL-positive myocytes were identified in the post-infarct hearts. Furthermore, the time course of the change in the number of cleaved caspase-3-positive myocytes after the ligation was almost the same as that in the number of TUNEL-positive myocytes (data not shown). We further confirmed the specificity of the anti-cleaved caspase-3 antibody used here by Western blotting, using either anti-cleaved caspase-3 antibody or anti-caspase-3 antibody (Fig. 4B) cleaved caspase-3 antibody is effective only on an activated form of caspase-3. Western blotting using anti-cleaved caspase-3 antibody showed that an activated form of caspase-3 was clearly identified in the post-infarct hearts, but caspase-3 was not, suggesting that the anti-cleaved caspase-3 antibody used in this study was specific to an activated form of caspase-3 (Fig. 4B, right) .
This study has revealed that the apoptotic death of cardiac myocytes occurred long after a ligation of the left coronary artery, most notably at 2 weeks. Post-infarction LV remodeling is characterized by an increase in heart weight and by morphological changes to the heart. It has been generally accepted that cardiac myocytes are terminally differentiated and lose the ability to regenerate [9] . Many myocytes die mainly via necrosis after acute myocardial ischemia. Thus, myocardial infarction results in a decrease in contractile force as a result of a loss of myocytes. The surviving myocytes are hypertrophied probably to compensate for the infarction-induced decline in cardiac function. Thus LV remodeling seems to be an adaptive response of the heart to infarction [2] . In this study, the apoptotic or programmed death of cardiac myocytes was observed to nearly coincide with the infarction-induced morphological change of the heart, suggesting that apoptosis is critically involved in the process of post-infarction LV remodeling of the heart.
